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Abstract
Physical forces affect both the function and phenotype of cells in the
lung. Bronchial, alveolar, and other parenchymal cells, as well as
fibroblasts and macrophages, are normally subjected to a variety of
passive and active mechanical forces associated with lung inflation
and vascular perfusion as a result of the dynamic nature of lung
function. These forces include changes in stress (force per unit area) or
strain (any forced change in length in relation to the initial length) and
shear stress (the stress component parallel to a given surface). The
responses of cells to mechanical forces are the result of the cell’s
ability to sense and transduce these stimuli into intracellular signaling
pathways able to communicate the information to its interior. This
review will focus on the modulation of intracellular pathways by lung
mechanical forces and the intercellular signaling. A better understand-
ing of the mechanisms by which lung cells transduce physical forces
into biochemical and biological signals is of key importance for
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Lung cells are normally subjected to a
variety of mechanical forces as a result of the
dynamic nature of lung function. Cells com-
prising the lung parenchyma, the airways,
and the pulmonary and bronchial vascular
systems are continuously subjected to a wide
range of passive and active physical forces
associated with lung inflation, vascular per-
fusion, and physical activity (1).
Over the past few years there has been
increasing interest in mechanical stimula-
tion and in its role in the regulation of cell
structure, function, and metabolism (2). Cells
subjected to strain or stress exhibit a diverse
and extensive range of responses. Cell pro-
liferation, differentiation, secretion, and
movement, signal transduction, gene expres-
sion, and protein synthesis are events that
could be modified by mechanical forces (2).
Abnormal physical forces exerted on lung
tissues play a role in many pathological situ-
ations. However, how mechanical forces in-
duce their deleterious effects needs to be
clarified. In vitro studies have shown that
both the pattern and the degree of stretch are
important in determining the cellular response
(3).
The mechanisms underlying the sensing
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and conversion of inappropriate mechanical
stretch into cytotoxic and inflammatory me-
diators, and extracellular matrix (ECM) re-
modeling are beginning to be identified (4).
In this review, we will focus on the modula-
tion of intracellular pathways by mechanical
forces. A better understanding of the key
players at the cellular and molecular levels
may identify targets for the treatment and




Although physical forces are often des-
ignated by imprecise terms such as ‘stretch’
or ‘distention’, they are more accurately de-
fined as follows: ‘stress’ (force per unit of
area) or ‘strain’ (any forced change in length
in relation to the initial length). When the
forces are parallel to the plane, the stress is
called ‘shear stress’; when the stress is di-
rected toward the part on which it acts it is
called ‘compressive stress’, whereas when it
is directed away from the part on which it
acts it is called ‘tensile stress’. Shear, com-
pressive and tensile stresses respectively re-
sist the tendency of the parts to slide, ap-
proach, or separate under the action of ap-
plied forces. A stretch is a ‘tensile strain’, a
shortening is a ‘compressive strain’, and an
angular distortion is a ‘shear strain’ (5).
Strain might be more prominent in cells
of the alveolar epithelium during breathing,
while shear stress may act mainly on the
vascular endothelium (1). The endothelium
might also be subjected to strain and hydro-
static pressure. Additionally, shear stress may
act on other cells: pleural fluid affects pleu-
ral mesothelial cells and the fluid layer af-
fects airway and alveolar epithelial cells (1).
Finally, strain can be generated by cytoskel-
etal rearrangements such as actin contrac-
tion, leading to transmission of tension
throughout the cell, including the nucleus
(1).
In addition, the types of physical forces
also differ depending on the part of the cell
where they are acting. For example, fluid
layer on airway and alveoli applies shear
stress on the apical surface of epithelium,
whereas the distension of the basement mem-
brane applies stretch to the basolateral sur-
face of the epithelial cells. These different
types of physical forces applied to the same
cell may activate different signal transduc-





Mechanotransduction is the conversion
of mechanical stimuli into biochemical and
biomolecular alterations. How mechanical
forces can be sensed by cells (mechanosen-
sors) and converted into biological and bio-
chemical signals to cause changes in gene
expression and cell metabolism is not well
understood. The mechanosensor is defined
as the system that detects the mechanical
stimulus applied to the cell and converts it
into a biological signal. Stretch-sensitive ion
channels (6), and the ECM-integrin-cyto-
skeleton pathway (7) are the mechanosensing
mechanisms that have received most atten-
tion. These mechanisms involve the activa-
tion and interplay of various intracellular
events such as generation of second-mes-
senger molecules, activation of specific pro-
tein kinases, phosphorylation and activation
of participating signaling molecules, ampli-
fication through enzymatic cascades, and
modulation of gene expression. In the
nucleus, physical forces can exert their ef-
fects by influencing expression of immedi-
ate early response genes [c-fos, c-jun, c-myc,
JE, ETS-like protein-1, activation protein-1
(AP-1), specificity protein-1, nuclear factor
(NF)-κB, and early growth response-1],
which encode proteins related to transcrip-
tional factors and signal transduction (8).
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Transcriptional factors are DNA-binding pro-
teins that regulate gene expression. Among
these, NF-κB has been receiving especial
attention. Several in vivo and in vitro studies
have shown that lung tissue stretching up-
regulates NF-κB (9,10). NF-κB itself con-
tains a DNA “shear stress” response element
in its promoter region, and NF-κB protein
binds to interleukin (IL)-6, IL-8, IL-1ß, and
tumor necrosis factor-α (10).
Because of the complexity of the pulmo-
nary structure, the possible mechanisms of
mechanical stimulation and the potential cel-
lular responses may vary extensively. There
are a variety of cell types and physical forces
to which cells are exposed. Furthermore,
current evidence indicates that, in many cases,
different types of stimuli use the same sig-
naling pathways to coordinate the cell activ-
ity.
Mechanically activated ion channel
pathway
Calcium is one of the most common mol-
ecules that mediate the intracellular signal-
ing initiated by mechanical stress. Mechan-
ical stretch increases Ca2+ influx, via a
mechanosensitive cation channel that might
be inhibited by both gadolinium (a nonselec-
tive inhibitor of stretch-activated ion chan-
nels) and verapamil (a blocker of Ca2+ chan-
nels) (11,12). This stretch-induced change
in Ca2+ homeostasis has been demonstrated
in cultured pulmonary arterial smooth muscle
cells (11), arterial endothelial cells (13), air-
way epithelial cells (14,15), and fetal rat
lung cells (12). Mechanical stretch also com-
mandeers protein tyrosine kinases that acti-
vates phospholipase C-γ via its tyrosine phos-
phorylation. Phospholipase C-γ mediates the
hydrolysis of phosphatidylinositol 4,5-bis-
phosphate to produce inositol 1,4,5-trisphos-
phate and diacylglycerol. Inositol 1,4,5-tris-
phosphate mobilizes Ca2+ from intracellular
storage. Diacylglycerol activates protein ki-
nase C (PKC) in the presence of intracellular
and extracellular Ca2+. PKC and other sig-
nals may activate transcriptional factors (c-
fos) that bind to special response elements,
such as stretch response elements (SRE),
shear stress response elements (16) and 12-
O-tetradecanoylphorbol 13-acetate (TPA)-
responsive elements (TRE) (17), increasing
gene expression (Figure 1). A 6-bp element
Figure 1. Mechanically activated ion channel pathway.
Stretch induces Ca2+ influx via a stretch-activated ion
channel. Mechanical stretch also activates protein ty-
rosine kinases (PTK) that activates phospholipase C-γ
(PLC-γ) via its tyrosine phosphorylation. PLC-γ medi-
ates the hydrolysis of phosphatidylinositol 4,5-bisphos-
phate (PIP2) to produce inositol 1,4,5-trisphosphate
(IP3) and diacylglycerol (DAG). IP3 mobilizes Ca2+ from
intracellular storage sites. DAG in the presence of in-
tracellular and extracellular Ca2+ activates protein ki-
nase C (PKC). PKC and other signals may activate
transcriptional factors (c-fos) that bind to special re-
sponse elements, such as stretch response elements
(SRE), shear stress response elements (SSRE) and
shear 12-O-tetradecanoylphorbol 13-acetate (TPA)-re-
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sensitive to various types of mechanical
forces constitutes the shear stress response
elements ‘core’. The shear TRE, a divergent
phorbol ester tissue-responsive element, can
transduce mechanical signals to transcrip-
tional events.
Plasma membrane stress disruption
pathway
Plasma membrane disruption has been
demonstrated by a number of methods, in-
cluding laser confocal microscopy, electron
microscopy, and uptake of high-molecular
weight fluorescent dextran (18-20). The
maintenance of plasma membrane integrity
undoubtedly plays an important role in intra-
cellular signaling pathways. Structural dam-
age to cells leads to elevation in intracellular
free Ca2+ concentrations caused by the in-
flux of extracellular Ca2+ and the release of
intracellular Ca2+ stores (21). Changes in
Ca2+ homeostasis can affect signaling path-
ways and induce PKC activation. Traumatic
breaks in the plasma membrane in response
to mechanical stress (22) and changes in
Ca2+ concentration (23) can induce an in-
crease in c-fos expression. Plasma mem-
brane stress disruption also induces the trans-
location and activation of NF-κB into the
nucleus (22). PKC, activated NF-κB, and c-
fos can induce the transcription of early re-
sponse genes and bind to SRE to activate
gene transcription (4).
Matrix-integrin-cytoskeleton pathway
Cells are attached to neighboring cells
and to the ECM via transmembrane recep-
tors of the cadherin and integrin families,
respectively. On the cytoplasmic surface of
the cell membrane, these receptors are
coupled, either directly or indirectly, to a
large number of proteins named cytoskeletal
plaque proteins and, as a group, they form
the focal adhesion complex (FAC). This com-
plex provides a structural connection to trans-
mit signals from ECM to cells (24). The
tensegrity model proposed by Ingber (25)
predicts that cells are hard-wired to respond
immediately to mechanical stresses trans-
mitted over cell surface receptors that physi-
cally couple the cytoskeleton to the ECM
(e.g., integrins). The FAC serves as a macro-
molecular scaffold, which mechanically
couples the cytoplasmic portion of integrins
to the actin cytoskeleton. The FAC contains
various types of molecules, including those
associated with actin (e.g., vinculin, talin,
paxilin, and α-actin), focal adhesion kinase,
kinases from the Src family, oncogene prod-
ucts, signaling molecules (e.g., tyrosine and
serine protein kinases, and inositol lipid ki-
nases), and some growth factor receptors.
These molecules represent key candidates
for transforming mechanical stimuli into bio-
chemical signals. Cell stretch increases total
protein tyrosine kinase activity and induces
an association of the activated signaling in-
termediate pp60src with the cytoskeleton (26).
Mechanical stimulation may also directly
alter the activity of receptor tyrosine ki-
nases, such as Flk-1, thereby changing the
association of integrins with Shc, activating
Ras and downstream extracellular signal-
regulated protein kinase and c-Jun amino-
terminal kinase pathways, which in turn lead
to transcriptional activation of AP-1-TRE-
mediated gene expression (27). A series of
unidentified pathways activate subgroups of
the mitogen-activating protein kinases [p38
kinase, stress-activated protein kinase, c-
Jun amino-terminal kinase, and extracellu-
lar signal-regulated protein kinase 1/2] (28),
and transcription factors such as early growth
response-1 and specificity protein-1 (29).
Subsequently, this diversity of molecules
may activate NF-κB and/or gene transcrip-
tion through other mechanisms. Members of
the integrin family can also regulate the
action of NF-κB through activation of an
inhibitor of NF-κB kinase. This in turn would
mediate the release of NF-κB from an inhib-
itor of NF-κB by phosphorylation, and the
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subsequent translocation of NF-κB to the
nucleus. Activation of members of the mito-
gen-activating protein kinase family and NF-
κB can induce transcription of early response
genes and bind to SRE to activate transcrip-
tion (Figure 2) (4).
The elements of the cytoskeleton can be
reorganized to increase the efficiency of
transmitting signals from the ECM into the
cell interior. The pulling of integrins by mi-
cropipettes reoriented cytoskeleton filaments,
distorted nuclei, and redistributed nucleoli
along the axis of the applied tension (30).
Mechanical stress-induced changes in the
cytoskeleton may alter the function of the
structural molecules that make up the cyto-
skeleton and nucleus, including some criti-
cal regulatory proteins (31). Changing struc-
tural arrangements within the cytoskeleton
and nuclear matrix may expose or obscure
internal molecular binding sites, release
mechanical constraints for molecular remod-
eling, or change the porosity of the network
(31). This ECM-integrin-cytoskeleton inter-
connectedness could be very important for
cells adapting to changes in their external
environment.
Cell-cell interaction
Mechanical force-initiated signals need
to be transmitted by intercellular communi-
cation. Mechanically force-induced inter-
cellular signaling may involve autocrine,
paracrine, juxtacrine, and cell-matrix inter-
actions. Cells commonly use cytokines,
growth factors, and other small soluble fac-
tors for communication. Cells can also trans-
mit messages directly to one another by
cellular junction or by their reciprocal inter-
action.
Soluble factors
Autocrine and paracrine mechanisms of
cell-cell interaction are important for me-
chanical-force initiated signaling. There is


































Figure 2. ECM-integrin-cytoskeleton pathway. Integrins
maintain a close relationship with extracellular matrix
(ECM), and actin-associated molecules (e.g., vinculin,
talin, paxilin, and α-actin), focal adhesion kinase (FAK),
kinases from the Src family, oncogene products, sig-
naling molecules (e.g., tyrosine and serine protein ki-
nases, and inositol lipid kinases), and some growth
factor receptors. Mechanical forces may alter the activ-
ity of receptor tyrosine kinases (Flk-1), changing the
association of integrins with Shc, activating Ras and
downstream extracellular signal-regulated protein ki-
nase (ERK) and c-Jun amino-terminal kinase (JNK)
pathways, which, in turn, lead to gene expression medi-
ated by 12-O-tetradecanoylphorbol 13-acetate (TPA)-
responsive elements (TRE). Mitogen-activating protein
kinases (MAPK), p38 kinase, stress-activated protein
kinase (SAPK), JNK, and transcription factors [early
growth response (Egr)-1, specificity protein (SP)-1] are
activated through a series of unidentified pathways.
Subsequently, this variety of molecules may activate
nuclear factor (NF)-κB and/or gene expression through
other mechanisms. Members of the integrin family can
also regulate the action of NF-κB by means of the
activation of an inhibitor of NF-κB kinase (IKK) that
mediates the release of NF-κB from the inhibitor of NF-
κB (IκB), and the subsequent translocation of NF-κB to
the nucleus. Activation of members of the MAPK family
and NF-κB can induce transcription of early response
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cells under mechanical stimulation. Mechan-
ical stretch applied to cultured fetal lung
epithelial cells stimulates the expression and
production of a differentiation factor, para-
thyroid hormone-related peptide (PTHrP).
Torday et al. (32) also observed an increased
responsiveness of fetal lung fibroblasts to
PTHrP. PTHrP released by type II cells spe-
cifically binds to its receptor on contiguous
fibroblasts, stimulating cAMP as a second
messenger to induce specific functions of
fetal lung fibroblasts. This paracrine mech-
anism is putatively involved in augmenting
glucocorticoid binding, increasing metabolic
activities (such as lipoprotein lipase elabora-
tion and triglyceride uptake), and stimulat-
ing production of cytokines (such as IL-6
and IL-11). These cytokine molecules can
act as intercellular mediators, thereby in-
creasing the synthesis of surfactant phos-
pholipids and surfactant proteins from al-
veolar epithelial cells.
Growth factors constitute other com-
monly used soluble factors for intercellular
communication. The strain-induced growth-
promoting effect on fetal lung cells appears
to be mediated by an increased production of
endogenous growth factors. One of these
growth factors has been identified as plate-
let-derived growth factor (PDGF)-B (33).
Mechanical strain increases both gene and
protein expression of PDGF-B and its recep-
tor. Additionally, the blockade of the recep-
tor with a protein tyrosine kinase inhibitor or
with antisense PDGF-B oligonucleotides
abolishes the strain-induced stimulatory ef-
fect on fetal lung cell proliferation (33).
Further evidence for a strain-induced growth-
promoting effect is the reduction of insulin-
like growth factor gene expression observed
by abolition of fetal lung breathing move-
ments (34) and changes in fetal sheep lung
volume owing to either tracheal obstruction
or liquid drainage (35). These findings agree
with fetal breathing movements controlling
fetal lung growth via activation of growth
factor expression.
Intercellular junctions
Tight junction barrier formation and gap
junctional communication represent two
functions directly attributable to cell-cell
contact sites. Epithelial and endothelial tight
junctions constitute critical elements of the
permeability barrier required to maintain dis-
crete compartments in the lung. On the other
hand, gap junctions enable a tissue to act as
a cohesive unit by permitting metabolic cou-
pling and enabling the direct transmission of
small cytosolic signaling molecules from
one cell to another. Secondary messengers
are probably transmitted across epithelial
cell gap junctions and perhaps between dif-
ferent cell types (36). Additionally, the in-
tracellular cytoskeleton interconnects neigh-
boring cells through focal adhesion com-
plexes in specialized junctional complexes
(7). Tight and gap junctions do not act indi-
vidually since other junctional elements, such
as adherens junctions and desmosomes, help
to regulate barrier function and intercellular
communication (37). Intercellular adhesions
in the alveoli transmit force by connecting
epithelial cells into a sheet with the help of
intermediate filaments. Adherens junctions
probably act as mechanosensories. The me-
chanical stimulation of n-cadherin in inter-
cellular adherens junctions in fibroblasts
causes gadolinium-sensitive calcium influx
and induces actin polymerization at the sites
where force was applied (38). Additionally,
the expression of connexin proteins, the con-
stituents of gap junctions in rat type-2 cells,
is modulated by the matrix protein fibronec-
tin, abundant in the airspace after alveolar
injury (39).
Cell-matrix interaction
The importance of cell-ECM interactions
was demonstrated by stretching cells cul-
tured on different ECM substrata (40). ECM
modifies the ability of the cell to adhere to a
surface and influences cell shape. For ex-
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ample, the contact with various ECM pro-
teins modulates the ability of a mechanical
signal to alter type I procollagen gene ex-
pression (40). Strained fibroblasts cultured
on laminin or elastin, but not on fibronectin,
expressed type I procollagen. These three
ECM molecules form some of the main sup-
port structures in the lung that would repre-
sent load-bearing elements resistant to tissue
stretch.
Glycosaminoglycans (GAGs) also par-
ticipate in cell-matrix interactions by effec-
tively modulating the cellular phenotype via
high-affinity binding sites. GAGs interact
with other ECM proteins influencing the
macromolecular organization and also regu-
late collagen fibrillogenesis. GAGs modu-
late the steady-state levels of mRNA expres-
sion: 1) in a cell type-specific manner, and 2)
with different GAGs selectively modulating
cell-matrix interactions (41).
As previously reported, specific focal
adhesion on the cell surface allows the me-
chanical stretch generated in the system to
be transduced to the cytoskeletal network.
Thus, the cell constitutes an integrated sys-
tem in terms of mechanical force transduc-
tion. A change in the cytoskeletal architec-
ture is transmitted to the nuclear matrix,
ultimately allowing the expression of a sub-
set of gene products (31).
Stretch-induced production of
inflammatory mediators
Recently, considerable attention has been
focused on the release of inflammatory me-
diators from lung cells exposed to mechani-
cal forces. In this context, several groups
have employed cell culture models to exam-
ine the stretch-induced inflammatory re-
sponse (42-46).
Cytokine release
Human macrophages under strain induced
by a 12% increase in surface area at 20
cycles/min produce IL-8 via NF-κB (42).
However, the same stretch regimen applied
to human lung epithelial A549 cells did not
elevate IL-8 content. On the other hand,
A549 lung epithelial cells submitted to a
strain of 30% at a frequency of 20 or 40
cycles/min augmented IL-8 after 12-48 h
(43). IL-8 content also rose when A549 epi-
thelial cells were exposed to a 40% strain
(46). Thus, the release of IL-8 depends on the
magnitude of cyclic strain on alveolar cells.
Additional in vitro studies emphasize the
importance of the association of a subjacent
inflammatory injury and a mechanical de-
formation to induce the release of cytokines.
In this context, Tsuda and colleagues (44)
observed that stretch alone did not affect IL-
8 production after 8 h; however, in the pres-
ence of glass fibers or crocidolite asbestos,
stretch significantly increases IL-8 produc-
tion in cultured A549 cells. Similarly, me-
chanical stretch applied to primary cultured
fetal rat lung cells increases mRNA levels of
macrophage inflammatory protein-2 (the ro-
dent equivalent of human IL-8) only after
lipopolysaccharide (45).
Prostaglandin synthesis
The alteration of physical forces repre-
sents an important factor in lung inflamma-
tory diseases. The synthesis of biologically
active eicosanoids by lung cells contributes
to the regulation of smooth muscle tone and
of inflammatory responses. Prostaglandin
synthesis in response to mechanical forces
may vary with the type of cell and stimulus.
For example, cyclic stretch down-regulates
the synthesis of prostaglandins including
PGE2, PGI2, and thromboxane A2 in cat
and human airway epithelial cells (47). This
inhibitory effect seems to result from the
inactivation of cyclooxygenase. In contrast,
shear stress increases the production of pros-
tacyclin by lung endothelial cells (48) and
mechanical strain induces a rapid release of
prostacyclin by fetal rat lung cells (49).
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Stretch-induced extracellular matrix
expression
The ECM transmits essential informa-
tion to pulmonary cells, thereby regulating
their proliferation, differentiation, and or-
ganization (50). The components of the ECM
can be divided into four broad categories:
collagen, non-collagenous glycoproteins
(such as fibronectin and laminin), glycosami-
noglycans and proteoglycans (PTGs), and
elastic fibers (48,51,52). Cells continuously
remodel their microenvironment by chang-
ing the components and structure of the ECM
(52,53). Most cell types in lung tissue contri-
bute to the dynamic changes in the ECM.
Regulation of ECM dynamics is compli-
cated, involving a balance between synthe-
sis and deposition of ECM molecules as well
as their degradation (54). A family of se-
creted proteases, matrix metalloproteinases,
plays a role in ECM turnover (54,55). Ma-
trix metalloproteinase activity is regulated
by a variety of mechanisms, including syn-
thesis, secretion, and inhibition by stoichio-
metric complexing of tissue inhibitors of me-
talloproteinases to the activated enzymes (55).
Mechanical forces alter the gene expres-
sion and protein synthesis of several lung
ECM molecules such as collagen, GAGs
and PTGs. An intermittent mechanical strain
may regulate gene and protein expression of
lung ECM molecules in a different manner
(56). Differences in the regional distribution
of mechanical stress or in the extent of injury
generate diverse patterns of matrix protein
expression (57). Moreover, the increase in
matrix accumulation seems to be mainly
related to a higher ECM synthesis rather
than to a less important activity of degrada-
tive enzymes (56).
Mechanical forces increase procollagen
fiber expression (40,56-58), and the exact
role of physical forces in type III procolla-
gen expression has been recently elucidated.
In this context, Garcia and colleagues (59)
analyzed lung mechanical stretch induced
by different levels of stress and strain and
observed that there is a threshold stress above
which lung cells express mRNA for type III
procollagen. Furthermore, Farias and col-
leagues (58) showed that even a short period
(40 s) of lung mechanical stretch (40 cmH2O
of continuous positive airway pressure) in-
creases type III procollagen mRNA expres-
sion.
Intermittent mechanical strain simulat-
ing fetal breathing movements also induces
the secretion of GAGs and PTGs. Mechani-
cal strain appears mainly to affect the distal
part of the secretory pathway, i.e., GAGs
and PTGs trafficking from the trans-Golgi
apparatus to the cell surface membrane.
Strain-enhanced GAG release was partially
blocked by BAPTA/AM (an intracellular
calcium chelator) and completely abolished
by gadolinium (a stretch-activated ion chan-
nel blocker). These results suggest that cal-
cium influx, rather than calcium mobilization
from intracellular stores, represents the most
important trigger for mechanical strain-induced
GAG exocytosis in fetal lung cells (60).
In recent years there has been a growing
recognition that physical forces play an im-
portant role regarding pathophysiologic pro-
cesses in human disease states. The present
review describes how cells sense mechani-
cal stimulation, transmit signals intra- and
intercellularly, and regulate gene expression
and protein synthesis. Experimental advances
have significantly increased our understand-
ing of the process of mechanotransduction
in lung cells. However, there are some miss-
ing links along the intracellular pathways.
Further investigation in this research field
will facilitate our understanding of pulmo-
nary physiology and pathophysiology at the
cellular and molecular levels. In addition,
the understanding of the mechanisms by
which cells in the lung transduce forces gen-
erated by mechanical ventilation into bio-
logical signals is of key importance for re-
ducing or eliminating the deleterious conse-
quences of the ventilator.
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